presence of rotenone and oligomycin (Scott & Nicholls, 1980) . This combination of inhibitors should prevent any Ca'+ uptake into the matrices of the mitochondria. As is shown in Table 1 , the pelleted Ca2+ was greatly diminished under these conditions, whereas the solubilized CaZ+ actually increases. This clearly indicates that the major proportion of the synaptosomal CaZ+ is located in a compartment that is responsive to the mitochondrial membrane potential, and can therefore be identified with the mitochondrial matrix.
Abolition of the mitochondrial membrane potential of necessity inhibits oxidative phosphorylation. Thus it could be argued that the diminished pellet Ca2+ resulted from the inhibition of the ATP supply to a Ca2+dependent ATPase accumulating Ca2+ within digitonin-resistant vesicles. However glycolysis allows significant ATP concentrations to be maintained under these conditions (Scott & Nicholls, 1980) , whereas the presence of oligomycin alone, which inhibits the mitochondrial ATP synthase without lowering the membrane potential of the internal mitochondria (Scott & Nicholls, 1980) , does not diminish the Ca2+ in the pellet (Table 1 ).
The conclusion is therefore that the mitochondrial matrix represents the major site of Ca2+ accumulation within isolated synaptosomes amounting to some 85nmol of Ca2+/mg of mitochondrial protein under these conditions. This is well within the capacity of brain mitochondria to accumulate Ca2+, but is sufficient to saturate the efRux pathway (Nicholls & Scott, 1980) . It is therefore feasible that the mitochondria regulate cytosolic Ca2+ concentrations under these conditions. There is, however, one proviso to make: the total Ca2+ content of the synaptosome is still increasing at 16min (Fig. l) Studies in this laboratory have identified three mammalian intramitochondrial dehydrogenases that, in mitochondrial extracts or after purification, are activated by CaZ+ with half-maximum effects (ko.5 value) of Ca2+ being observed at close to l p~. These enzymes are pyruvate dehydrogenase, isocitrate dehydrogenase (NAD+) (EC 1.1.1.4 1) and the 2-oxoglutarate dehydrogenase complex. The effects of Ca2+ on pyruvate dehydrogenase activity are brought about by changes in the proportion of the complex in its active non-phosphorylated form. Pyruvate dehydrogenase phosphate phosphatase is activated by Ca2+ (Denton et al., 1972 (Denton et al., , 1975 , whereas pyruvate dehydrogenase kinase, at least from heart muscle, may be inhibited by Ca2+ (Cooper et al., 1974) . The effects of CaZ+ on isocitrate dehydrogenase (NAD+) and oxoglutarate dehydrogenase are more direct. In both cases, the presence of Ca2+ results in a greatly decreased K,,, for their substrates (threo-D,-isocitrate and oxoglutarate respectively) with little or no change in V,,,=. (Denton et al., 1978; McCormack & Denton, 1979) . the enzymes appear to have very similar properties in extracts of mitochondria of all mammalian tissues so far studied including those from pig heart and the following rat tissues: white and brown adipose tissue, heart and skeletal muscle, liver, kidney and brain. Moreover, in all cases the effects of Cs2+ are closely mimicked by Sr2+, but the k,, values are some ten times higher.
All three of the Ca2+-sensitive dehydrogenases are located exclusively in cells within the inner mitochondrial membrane and are generally considered to be important sites of regulation of intramitochondrial oxidative metabolism. In particular, the activity of all three dehydrogenases may be increased by elevations in the intramitochondrial ADP/ATP and NAD+/NADH concentration ratios (see McCormack & Denton, 1979) . This can be viewed as the 'intrinsic' means of regulation whereby the rate of NADH production in mitochondria is always matched to the requirements of the respiratory chain and thus ATP synthesis. We proposed that the activation of these same key dehydrogenases by Ca'+ ions may be an important means whereby 'extrinsic' control of intramitochondrial oxidative metabolism by such factors as hormones and neurotransmitters could be superimposed on this 'intrinsic' control. However, we realized the need to be cautious when ascribing regulatory importance to enzyme properties that have only been observed with separated enzymes. We have therefore sought more direct evidence by using intact mitochondria.
Initially, we were keen to establish the sensitivity of the dehydrogenases to CaZ+ when the enzymes were located within intact mitochondria. We approached the problem by studying the effects of changes in the extramitochondrial Ca2+ concentration on the pyruvate dehydrogenase activity and on isocitrate and oxoglutarate oxidation in uncoupled mitochondria from white and brown adipose tissue. In uncoupled mitochondria incubated in KCI-based medium there will be little or no pH gradient or membrane potential and thus the concentration of 587th MEETING, DUNDEE Table 1. free intramitochondrial Ca2+ should be the same as the free extramitochondrial Ca2+. We found that the activity of all three dehydrogenases was increased with increases in extramitochondrial Ca2+ and that the kOa3 value for the activation by Ca2+ was close to 1 p~ in all cases. Moreover, Sr2+ also activated, but the k,,3 values were of the order of 1 0~~. Thus it was concluded that the sensitivity of the enzymes to Ca2+ when the enzymes were located within mammalian mitochondria was very similar to the separated enzymes (McCormack & Denton, 1980a,b) .
The sensitivity of oxoglutarate oxidation in rat heart mitoVol. 8 chondria uncoupled with carbonyl cyanide p-trifluoromethoxyphenylhydrazone to Ca2+ and Sr2+ is illustrated in Fig. 1 and Table 1 . Again the k,., values were close to 1 and 1 0 p~ respectively. The really crucial question is whether the concentration of Ca2+ within mitochondria of intact mammalian cells is altered in the range 0.2-5p~ to which the dehydrogenases are sensitive. Strong evidence that this is so has been obtained by studying the effects of changes in extramitochondrial CaZ+ on the activities of oxoglutarate dehydrogenase and pyruvate dehydrogenase in coupled rat heart mitochondria . Some results of these studies are summarized in Fig. 1 and Table 1 .
The activity of oxoglutarate dehydrogenase was monitored by following changes in 0, consumption in the presence of excess ADP, since the activity of oxoglutarate dehydrogenase appears to be rate limiting in the oxidation of oxoglutarate under these conditions. At a low concentration of extramitochondrial oxoglutarate (0.5 mM), increases in extramitochondrial Ca2+ or Sr2+ greatly increased the rate of oxoglutarate oxidation. No increases were observed in the presence of a saturating concentration of oxoglutarate ( 2 0 m~) . The k,., values for the activation by extramitochondrial Ca2+ (and Sr2+) were found to depend on the presence or absence of Me2+ and Na+ ions ( Fig. 1 and Table 1 ). In the absence of both the k,., value for Ca2+ was 2 1 nM; this was increased up to about 9 0 n~ in the presence of Me2+ or Na+ and up to 3 2 8 n~ in the presence of both Me2+ and Na+. Addition of Ruthenium Red resulted in the k,, being increased to over 3 p~. Similar changes in the ko., values for Sr2+ were observed, but all the values were an order of magnitude greater. The concentrations of Me2+ and Na+ giving half-maximal effects were about 6 0 p~ and 1 mM respectively.
The studies of others (Crompton et al., 1977 Crompton, 1980) have indicated that the distribution of Ca2+ across the inner membrane of rat heart mitochondria is determined by a Ca2+-transporting cycle composed of a separate uptake component (inhibited by Me2+ and Ruthenium Red) and an efAux component (stimulated by Na+). The effects of Na+, Me2+ and Ruthenium Red on the activation of oxoglutarate oxidation by extramitochondrial Ca2+ are entirely consistent with this view. It should be noted first that Na+, Me2+ and Ruthenium Red only altered the k,, values for the activation by CaZ+ (or Sr2+) i.e. no effects were observed on the oxidation of oxoglutarate in the absence of CaZ+ or on the maximum stimulation observed with Ca2+ and secondly that the effects of Me2+ and Na+ were essentially independent.
In the intact cell it is probable that the cytoplasmic concentration of Na+ is in the range 5 -6 m~ and that of Me2+ above 0 . 2 5 m~. Under these conditions the k,, value for the activation of oxoglutarate oxidation by extramitochondrial Caz+ was found to be about 3 0 0 n~ or one-third the value found with both uncoupled mitochondria or with separated rat heart oxoglutarate dehydrogenase. It follows that the concentration of intramitochondrial Ca2+ is probably only about three times that outside the mitochondria. Moreover, changes in [Ca2+l in the range thought to occur in the cytoplasm (0.1-1 PM) would result in changes in oxoglutarate dehydrogenase activity within the mitochondria.
The proportion of pyruvate dehydrogenase in its active form was determined in rat heart mitochondria incubated in KClbased medium in the presence of 15 mM-oxoglutarate, 1 m w malate, ~~M -K H , P O , and various concentrations of Caz+ generated by using 5 mhl-calcium EGTA buffers. Under these conditions increasing concentrations of extramitochondrial Ca2+ increased the proportion of active pyruvate dehydrogenase from about 10 to 6096 of the total. As can be seen from Table 1 , the k,., values for this activation of pyruvate dehydrogenase closely matched the values obtained for the stimulation of oxoglutarate oxidation. In particular both NaCl and MgCl, increased the k,, value approx. 4-fold. In the presence of both Na+ and Mg2+, the k,, value was nearly 0 . 5~~. Since the sensitivity of heart pyruvate dehydrogenase phosphatase to Ca2+ is close to 1 PM when measured using the separated enzyme, it follows that under these conditions, which may approximate to these in uiuo, the intramitochondrial Ca2+ concentration is probably only twice the extramitochondrial Ca2+ concentration. It is evident that these studies on pyruvate dehydrogenase greatly strengthen the conclusions drawn above from the effects of Ca2+ on oxoglutarate oxidation. Indeed, these two parameters represent two independent means of investigating the relationship between intra-and extra-mitochondrial Ca2+. The activity of isocitrate dehydrogenase (NAD+) would be a third means, but its activity is dimcult to follow in intact heart mitochondria because of the low activity of the tricarboxylate carrier.
The principal conclusion of these studies is that changes in the concentration of Ca2+ in the cytoplasm, at least in the heart, are likely to result in parallel changes in the activity of the Ca2+-sensitive dehydrogenases withiin the mitochondria. Moreover, since in muscle an increase in cytoplasmic Ca2+ will invariably be associated with an increase in muscle contraction and therefore ATP utilization, it seems very fitting that intramitochondrial oxidative metabolism should be activated. It follows from this line of reasoning that mitochondria are unlikely to be important in the regulation of cytoplasmic Ca2+ because such a role would necessarily imply an inverse relationship between the concentration of Ca2+ in the cytoplasm and in the mitochondria. Thus an important inference of our studies is that the Caz+-transporting system in the inner membrane of the mitochondria should be viewed primarily as being concerned with the regulation of intramitochondrial rather than cytoplasmic Ca2+.
Since all mammalian mitochondria so far studied contain the three Ca2+-sensitive dehydrogenases, it seems reasonable to extend these conclusions to other mammalian tissues. There are many examples of effects of hormones and neurotransmitters that are thought to involve an increase in cytoplasmic Ca2+.
Invariably these effects (such as increases in ion transport and secretion) involve increases in ATP utilization and thus intramitochondrial oxidative metabolism. Parallel changes in cytoplasmic and intramitochondrial Caz+ may be a rather general means whereby the stimulation of the supply of NADH for respiration can be achieved without large increases in the NAD+/NADH and/or ADP/ATP concentration ratios. It is also possible that in some circumstances the activity of one or both the components of the mitochondrial transport system may be altered resulting in changes in intramitochondrial Caz+ without necessarily changing the concentration of Ca2+ in the cytoplasm.
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Receptor-mediated control via the calcium effector of membrane ion permeability in pancreatic acinar cells OLE H. PETERSEN and RE& LAUGIER Department of Physiology, The University, Dundee DD14HN, U.K.
The exocrine pancreas secretes fluid and a large number of digestive enzymes. While the duct cells secrete an HC0,--rich fluid containing little protein, the acinar cells secrete a neutral NaC1-rich fluid with a high protein content. The ductal secretory process is stimulated by secretin and vasoactive-intestinal peptide while the acinar secretory processes are activated by vagal nerve stimulation via the transmitter acetylcholine and the peptide hormone cholecystokinin (' CCK,,' ) and related peptides CCCK,', gastrins) (Schulz & Ullrich, 1979) . Recently it has been shown that peptides belonging to the bombesin family also activate the acinar secretory processes (Deschodt-Lanckman et al., 1976; Iwatsuki & Petersen, 1978~) . Since secretion evoked by acetylcholine, cholecystokinin-like peptides and bombesin is Caz+dependent (Petersen & Iwatsuki, 1978; Petersen, 1978) it seemed possible that intracellular Ca2+ might function as a mediator of hormone action in the pancreatic acini.
Membrane action of acetylcholine. cholecystokinin and ' bombesin While secretin and vasoactive intestinal peptide have no effects on the membrane potential or resistance of acinar cells, acetylcholine, all cholecystokinin-like and gastrin-like peptides having secretagogue actions, and the active bombesin peptides caused marked changes in membrane bioelectrical properties
